Nonlinear Poisson-Boltzmann theory is developed to extend our previous work ͓Phys. Rev. E 53, 6192 ͑1996͔͒ on the case when the potential drop across the double layer is not small compared to the thermal energy. Close to the potentials of zero charge ͑pzc͒ the effect of surface roughness on the double-layer capacitance is mainly determined by an interplay between the lateral correlation length of roughness and the Debye length. However, far from the pzc dramatic effects of electrode potential are found which are not reduced to the potential-induced shortening of the diffuse layer thickness.
I. INTRODUCTION
In our previous work 1 we extended the Gouy-Chapman theory of electrolyte plasma near a flat charged wall 2 to metal surfaces with moderate roughness, i.e., when the mean amplitude of height fluctuations is smaller than the heightheight lateral correlation length. As the derivation was based on the linearized Poisson-Boltzmann approximation, the results were limited to electrode potentials close to the potential of zero charge ͑pzc͒. In this region the effect of surface roughness on the double-layer capacitance is determined by an interplay between the Debye length and the scales of roughness, which modifies the Gouy-Chapman result for the diffuse-layer capacitance. It was found that roughness leads to deviations of the Parsons-Zobel plot ͑measured inverse capacitance versus the inverse Gouy-Chapman capacitance͒ from linearity.
The nonlinearized version of the theory, applicable for arbitrarily large charges, is a subject of the present report. Though its results are more complicated, they can eventually be obtained in a closed, analytical form once we stick, as in Ref. 1 , to a perturbation-type theory, valid for weak roughness. Far from the pzc the effects of nonlinear screening are found, which lead, for instance, to the charge dependence of the Parsons-Zobel plot, which has been observed experimentally. [3] [4] [5] [6] Surface roughness is not the only possible reason for the deviations of the slope of the Parson-Zobel plot from unity. Another reason for this could be the effect of crystallographic inhomogeneity of the surface. 3, 4, 7, 8 The latter was studied in detail for polished single crystals. 3, 4, 7 Generally, different crystal faces have different pzcs. This affects the charge distribution along the equipotential surface, and thereby the dependence of capacitance on electrolyte concentration, until the characteristic inhomogeneity range is greater than the Debye length. 7 It might seem that crystallographic inhomogeneity is an inherent feature of rough landscapes, because fragments of different crystal faces may be represented on them. However, for the case of weak roughness at single-crystal surfaces this source of inhomogeneity would likely have a shorter scale than the mean correlation length of roughness and would be less important. Thus, the crystallographic inhomogeneity would affect the dependence of capacitance on the ionic concentration mainly for polycrystal surfaces, where sizes of faces fall in the range between nanometers and hundreds of nanometers and can compete with the Debye length and the correlation length of roughness.
A simultaneous account of surface roughness and crystallographic inhomogeneity for arbitrary electrode potentials leads to more cumbersome expressions which will be considered elsewhere. However, a difference in pzcs of different crystal faces for some metals ͑In, Pb, Sb, but not Ag͒ is not large. 8 For such metals the results of the present report may be straightforwardly used for a treatment of experimental capacitance data ͑see Sec. V͒.
II. BASIC EXPRESSIONS

A. Boundary problem for potential
Consider a rough metal surface in contact with an electrolyte. As in Ref. 1, we take the z axis pointing toward the electrolyte and describe the interface by the equation z ϭ(x,y) with zϭ0 chosen to provide zero value of the amplitude averaged over the surface, ͗(x,y)͘ϭ0. Author to whom all correspondence should be addressed; electronic mail: urbakh@ccsg.tau.ac.il
where ϭe␤ is the dimensionless potential ͓e is the elementary charge, ␤ϭ(k B T) Ϫ1 , T is the temperature, and k B is the Boltzmann constant ͔ and Ϫ1 ϭ(⑀␤/8ne 2 ) 1/2 is the Debye length ͑n is the bulk electrolyte concentration, ⑀ the dielectric constant of the solvent͒.
The solution of Eq. ͑1͒ must satisfy a boundary condition which fixes the value of the potential at the metalelectrolyte interface ͑x,y,zϭ͑x,y ͒͒ϭe␤E ͑2͒
relative to the zero level in the bulk of the electrolyte: (z⇒ϱ)ϭ0.
B. Perturbation theory
Consider weakly rough surfaces for which h, the characteristic size of roughness in the z direction, is less than the tangential one, l. The height h denotes the rms displacement of the surface from the flat zϭ0 plane, and the correlation length ͑or a period͒ l is a measure of the average distance between consecutive peaks and valleys on the rough surface. We will also assume that hϽ Ϫ1 . In order to determine the first nonvanishing correction to the capacitance caused by roughness, we must find ͑r͒ up to the second order in h. For this purpose we expand the potential in powers of h,
The lowest order term 0 satisfies Eq. ͑1͒ together with the boundary condition 0 ͑ x,y,zϭ0 ͒ϭe␤E. ͑4͒
It coincides with the Gouy-Chapman result for the flat surface:
where z 0 is given by arctanh͑exp͑Ϫz 0 ͒͒ϭe␤E/4. ͑6͒
The higher order terms 1 and 2 satisfy
with the boundary conditions
Ϫ͑x,y ͒ ‫ץ‬ 1 ‫ץ‬z ͑x,y,zϭ0͒. ͑10͒
In order to solve Eqs. ͑7͒-͑10͒, it is convenient to Fourier transform the potentials and the surface profile function, moving from tangential coordinates Rϭ(x,y) to the corresponding lateral wave vectors Kϭ(K x ,K y ), as defined by f (K)ϭ͐dRf (R)exp(ϪiKR). Equations ͑7͒ and ͑9͒ then transform to
The boundary conditions ͑9͒ and ͑10͒ take the form
The solution of Eq. ͑11͒ may be written as
where q͑K ͒ϭͱ 2 ϩK
2
͑16͒
and the coefficients A(K) are found from the boundary condition ͑13͒,
For the calculation of the capacitance ͑see Sec. II C͒ to the lowest nonvanishing order in rms of roughness ͑i.e., to the order of h 2 ͒ it is sufficient to calculate the second-order term, 2 (K,z) for Kϭ0 only. The solution of Eqs. ͑12͒ and ͑14͒ is here given by
͑18͒
where
The solutions analogous to Eqs. ͑18͒ and ͑19͒ emerge in the theory of elasticity of charged flexible membranes. 9, 10 
C. Capacitance
The total charge on the metal surface, Q, is given by
where (x,y) is the local density of the surface charge, related to potential
Here ‫‪n‬ץ/ץ‬ denotes the outward normal derivative at the surface.
Using the expansion of the potential given by Eqs. ͑5͒ and ͑15͒-͑19͒, and expressing the integral over the surface in terms of x,y coordinates,
we obtain for the apparent surface charge density
is the Bjerrum length, S 0 is the apparent surface ͑flat crosssection͒ area, and g(K) is the height-height correlation function,
Note that it is the apparent, , rather than a true surface charge density, tr ϭQ/S real ͑S real is the true surface area͒, which is a determined in electrochemical experiments. Differentiation of Eq. ͑23͒ over E gives an expression for the potential dependent nonlinear differential capacitance Cϭ(1/S 0 )‫ץ‬Q/‫ץ‬E:
Here C GC is the flat surface Gouy-Chapman capacitance,
where eff Ϫ1 (E), the effective diffuse layer thickness, given by
͑29͒
Equation ͑29͒, valid up to the h 2 terms, at hϭ0 gives R ϭ1, reproducing the flat surface Gouy-Chapman result.
Comparing this result with the linear theory 1 we see two new elements ͑one obvious, the other less expected͒. In the nonlinear theory not only effective diffuse layer thickness depends on E, but the roughness function becomes potential dependent. Moreover, in contrast to intuitive expectations, 11 the roughness function of the nonlinear theory is not obtained from the linear theory expression,
by a simple replacement of by eff although it reduces to the latter with e␤E⇒0 and eff (E)⇒. For low electrode potentials, EӶ1/␤e, Eq. ͑28͒ reduces to
where the second term in the brackets represents the first nonlinear correction. This correction, quadratic in E, shows that in the range of small potentials the roughness function increases with the absolute value of the potential. The apparent surface charge density, ϭQ/S 0 , rather than the electrode potential, is more often employed as an electric variable. In order to find C as a function of we invoke Eq. ͑23͒, which relates to E. Then Eq. ͑26͒ can be rewritten as
Here C GC () is the Gouy-Chapman capacitance for a given ,
where eff Ϫ1 () is the effective thickness of a diffuse layer in terms of ,
The roughness function written in terms of and reads
It should be stressed that at rough surfaces the potential E and the apparent surface charge density are related by Eq. ͑23͒ but not by the Gouy-Chapman equation,
valid only for flat surfaces. This is the reason why the C GC () is not obtained from C GC (E) simply by the replacement of eff Ϫ1 (E) by eff Ϫ1 (). The logical output of the nonlinear theory is similar to that of the linear theory:
1 it establishes a correlation between the capacitance, Eqs. ͑29͒ or ͑35͒, and the morphological features of the interface given by h and g(K). These equations are applicable both to the cases of random roughness and of a periodical corrugation ͑in latter case the integral should be replaced by a sum: ͐dK/(2) 2 ⇒S 0 Ϫ1 ⌺ K ͒. When the roughness is described by a one-scale correlation function,
Eq. ͑29͒ can be rewritten as
͑39͒
The roughness-induced change of the capacitance is proportional to the square of the ''roughness slope,'' h/l, and to the scaling function, f (l,/ eff (E)). The scaling parameter l is a function of concentration, while the parameter / eff (E)ϭ(cosh(e␤E/2)) Ϫ1 is a function of potential. Thus, in experiments, these two parameters can be varied independently. It should be noted that / eff (E)р1. Similarly, R(,) can be written in the form of Eq. ͑38͒ with the scaling function depending on two parameters: l and 2L B l/e.
III. LIMITING LAWS
There are few asymptotic laws for the roughness function R(,E) in particular domains of concentration and potential.
In the range of a large diffuse layer thickness eff Ϫ1 (E) ϵ͓ cosh(e␤E)͔ Ϫ1 ӷl max ͑l max standing for the largest correlation length of roughness͒ Eq. ͑29͒ transforms to
the characteristic length, met already in the linear theory. As expected, at very large Debye lengths, Ϫ1 , the roughness of the surface is not ''seen'' in the capacitance. The first correction to the flat surface result is linear in , the slope increasing with ͉E͉. For eff Ϫ1 (E)Ӷl min , where l min is the smallest correlation length of roughness, Eq. ͑29͒ reduces to
As in the linear theory we used here Eq. ͑22͒ which gives, to the accuracy of h 2 terms, an expression for the ''mean'' area of a rough surface and the roughness factor,
Here we also used the definition of the mean square curvature
shows, as expected, that the roughness function R(,E) approaches the geometrical roughness factor R for small Debye length, Ϫ1 ͑high electrolyte concentration, n͒. This limiting value does not depend on the potential. However, the deviation of R(,E
͑45͒
For high potentials, e␤EϾ1, Eq. ͑42͒ reduces to
Thus the deviation of R(,E) from R is proportional to the square of the Debye length ͑i.e., it is inversely proportional to the electrolyte concentration͒ for all potentials, but the proportionality factor now depends on ͉E͉ and for e␤͉E͉ Ͼ1 its sign is opposite to the one found in the linear limit.
The most striking effect of the nonlinear theory may be seen already from Eqs. ͑40͒ and ͑42͒, which show how the roughness function, R(,E), approaches the two obvious limits of small and large Debye length. Indeed, in contrast to the case of low potentials, these equations demonstrate that R(,E) could be a nonmonotonous function of with a maximal value, R max ϾR. The crossover between the monotonous and nonmonotonous concentration dependencies for R occurs at Eϭ(2/e␤)ln(2ϩ)), which for room temperatures is close to 65 mV.
The limiting laws for the roughness function R(,) defined in terms of concentration and surface charge density are partly different.
For large thicknesses of the diffuse layer, eff
which shows that for a given nonzero charge density the roughness function does not approach unity when ⇒0. This is because for 0 the diffuse layer thickness, eff Ϫ1 (), is finite even for ⇒0.
In the case of a small diffuse layer thickness, eff
Ӷl min , the roughness function behaves differently in the regions of low and high surface charge densities. For low charge density, 2L B /eϽ, the function R(,) reduces to Eq. ͑45͒ derived above for low electrode potentials. For high charge density, 2L B /e Ͼ, Eq. ͑35͒ takes the form
In this range of parameters and , the roughness function decreases with the surface charge density and practically does not depend on the concentration. Moreover, R(,) is close to unity, although the ''yard stick,'' eff Ϫ1 (), is less than the characteristic lateral size of roughness. This counterintuitive result could be explained by considering Eq. ͑23͒, which shows that in this range of parameters the GouyChapman relation between and E should be substituted by
͑49͒
As a result the Gouy-Chapman capacitances C GC (E) and C GC () calculated for a given value of the potential, differ essentially
In this case the roughness function R(,), which describes the experimentally measured deviations from the linear Parsons-Zobel plot, is close to unity and does not provide the measure of the surface geometry. It should be stressed that, in view of Eq. ͑23͒ relating and E, Eqs. ͑46͒ and ͑48͒ for R(,E) and R(,) give the equivalent expressions for the measurable capacitance C.
IV. RANDOM GAUSSIAN ROUGHNESS
The isotropic Gaussian model, the most widely used approximation for a random Euclidean roughness, characterizes the roughness spectrum by two parameters: the rms height h and the tangential correlation length, l. In this case 
Similar to Ref. 1 we compared the model of random roughness with a model of deterministic roughness: a periodical corrugation: (R)ϭh sin(2x/l s ). Here, K takes a discrete set of values, Kϭ(2m/l s ,0) (mϭ0,Ϯ1,Ϯ2,...), (K)ϭhS(␦ m,1 Ϫ␦ m,Ϫ1 )/2i ͑␦ m,Ϯ1 is the Kronecker symbol͒; the roughness factor, Rϭ1ϩ2 2 h 2 /l s 2 , and the scaling function of arguments l s and / eff (E),
͑52͒
Expressions similar to Eqs. ͑51͒ and ͑52͒ can be written for the scaling function in terms of l and 2L B l/e.
Comparing the two models one must take into account that the definition of the lateral length may be different for different types of roughness. 1 At the same h, the same geo-metrical roughness factor, R, would correspond to l s ϭl G , and the Gaussian scaling function should be compared with the sinusoidal scaling function divided by 2 . Such a comparison shows a minor difference, and, naturally, both models reproduce all the established limiting laws as it was in the linear theory. We, therefore, will present below only the results found for the Gaussian roughness, keeping in mind that the simpler algebraic expression ͑50͒ of the sinusoidal corrugation is a useful approximation for the scaling function.
Plots of the roughness function versus the Debye length, , calculated for a given potential or surface charge density are shown in Figs. 1͑a͒ and 1͑b͒ , respectively. As the potential increases R(,E)/ curves become steeper in the range of lр1 and level off to the geometrical factor R at smaller values of l ͓see Fig. 1͑a͔͒ . This leveling off follows, actually, the decrease of the diffuse layer thickness with the potential. Thus, for a fixed value of , the effect of surface structure on the capacitance increases with the potential.
Our calculations demonstrate, however, that in contrast to the case of a flat surface, the capacitance on a rough surface cannot be expressed only in terms of eff (E)l. A new effect absent in the linear theory is that for e␤Eӷ1 the roughness function R(,E) has a maximum at lϭ m Ӎ1 as a function of ; for lϾ m (E) the function R(,E) decreases with the increase of . The position of the maximum moves to smaller values of l with the increase of E. The nonmonotonous behavior of R(,E) as a function of is, however, only slightly manifested for weakly rough surfaces, for which this theory is rigorous. It becomes more pronounced for the case of moderate roughness where the theory is likely to work well too. 12, 13 This is displayed by Eq. ͑46͒ upon the increase of the surface curvature, H. Figure 1͑b͒ demonstrates that R(,) increases monotonously with for all values of the surface charge density. In agreement with the limiting laws given by Eqs. ͑47͒ and ͑48͒, the roughness function has following characteristic features for nonzero : The dependencies of the roughness function on the potential and surface charge density calculated for a given Debye length, , are presented in Figs. 2͑a͒ and 2͑b͒ , respectively. Figure 2͑a͒ shows that the roughness function R(,E) increases with E in the range of low potentials and has a weak maximum for higher E. The position of the maximum depends on the value of l, namely, for lϽ1 it lies at eff (E)lϷ1 and for lу1 it falls in the range of e␤E 
FIG. 2. Dependencies of roughness functions ͑a͒ R(,E) and ͑b͒ R(,)
on the dimensionless potential e␤͉E͉ and surface charge density * ϭ2lL B /e, calculated for a given Debye length, Ϫ1 . Random Gaussian roughness, Rϭ1.5, l G ϭ10 nm. Curves ͑1͒, ͑2͒, and ͑3͒ correspond to l ϭ0.1, 1, and 5. Figure 2͑b͒ demonstrates that for small Debye lengths, lр1, R(,) peaks at 2L B l/eӍ4 as a function of and for lϾ1 R(,) decreases monotonically as increases. The latter is in conflict with intuition: one would rather expect R(,) to increase with the increase of as the ''yard stick,'' eff Ϫ1 (), decreases! This apparent paradox is a consequence of the essentially different dependence of the roughness function on E and on , predicted by the theory. Indeed, the simple intuitive arguments breaks down because the Gouy-Chapman relationship ͑36͒ between the potential and apparent surface charge density is no longer valid for rough surfaces. Equation ͑49͒ shows that for a given potential the surface charge density itself depends on R and the roughness function R(,) does not reflect geometrical properties of the interface. This unexpected behavior of R does not arise if the true surface charge density rather than the apparent one is used as an electrical variable.
Ӎ3-5.
V. PARSONS-ZOBEL PLOTS
A common assumption in electrochemistry is that in addition to diffuse layer capacitance, C, one must also consider the contribution of the compact layer, C H . Connected in series, they give for the total capacitance
Following Grahame 14 C H is assumed-in the absence of specific adsorption of ions-to be independent of ionic concentration. Subject to the electron-molecular interpretation [15] [16] [17] [18] of C H and the phenomenological theory, 16, 19 it characterizes the response of the narrow, several angstrom thick layer at the metal/solvent interface and is charge or potential dependent. Grahame theory was first suggested for liquid mercury electrode, and was later systematically used both for liquid and solid electrodes. 8 This equation is based on the assumption that the boundary between the diffuse and the compact layers is equipotential. 8 As was discussed in Sec. I, this may no longer be valid for rough electrodes: different crystal faces can be presented on a rough surface and it may easily happen that the dipole potential drops across the corresponding segments of the compact layer may be different. As a first approximation, however, we will adopt Eq. ͑53͒ ͑as no big effect was found due to crystalline heterogeneity on flat surfaces of a number of metals 8 ͒ and focus on the roughness induced modification of the diffuse layer contribution.
The validity of the Gouy-Chapman-Grahame theory is checked by drawing the Parsons-Zobel plots: measured inverse capacitance of the interface, 1/C tot , versus 1/C GC for different electrolyte concentrations and for given surface charge densities. 6 A straight line with the unit slope approves the Gouy-Chapman theory for the diffuse layer, and the corresponding intercept determines the compact layer contribution, 1/C H . Slopes lower than 1 are usually attributed to the geometrical roughness factor. 6 Deviations from the straight line are regarded as indications of specific adsorption of ions, or incomplete dissociation of electrolyte, 8 or crystallographic inhomogeneity. [3] [4] [5] [6] [7] [8] We show below the deviations predicted by the present theory.
Equations ͑26͒ and ͑29͒ or ͑32͒ and ͑35͒ suggest that roughness itself leads to deviations of the Parsons-Zobel plots from linearity. Figure 3 demonstrates it for different values of surface charge density without a compact layer contribution: the intercept here is kept zero. Adding the compact layer, one should bear in mind that C H would be itself proportional to R, i.e.,
where C H 0 is the charge ͑potential͒ dependent reference value for the flat surface. Such a factorization would, of course, be meaningful if the thickness of the compact layer is much smaller than all the characteristic lengths of roughness. Somehow, under an assumption ͑54͒ the actual intercept will move down as 1/R with the increase of R.
Several important conclusions follow from these figures. The small potential results reproduce the linear theory, 1 including the phenomenon of an apparent ''negative'' intercept: extrapolation of the curves in Fig. 3 from the small range to the limit of large (1/C GC ⇒0) gives a negative intercept equal to Ϫ4(RϪ1)h 2 /⑀LS. When corrected by the compact layer contribution the intercept is given by
For an order of magnitude estimate of the effect due to the second term we reproduce the estimates of Ref. negative extrapolation value is compensated by the compact layer contribution. For example, to get a typically observed value of C extr у20 F/cm 2 , one must have C H р10 F/cm 2 . For large surface charges, the theory predicts the charge dependence of the slope of the Parsons-Zobel plot. In the range of relatively low concentrations, lϽ1, the slope increases with . This effect has been observed experimentally in capacitance measurements on silver single-crystal electrodes. 5, 6 Our calculations show that for any given surface charge density the Parsons-Zobel plot has a positively defined second derivative. This contrasts with the conclusions of Ref. 5 , where a model of asperities ͑hemispheres or hemicylinders͒ on single-crystal surfaces has been considered and the interpolation equation for the diffuse layer capacitance has been proposed. However, this interpolation formula is not valid in the limit of low concentrations. Indeed, the capacitance of a flat surface with bumps on it must vanish at ⇒0 in contrast to an isolated sphere.
It is interesting to note that far from the pzc the form of the Parsons-Zobel plot calculated for a given potential differs from the corresponding plot found for a given surface charge density. While in the small potential range, the Parsons-Zobel plot has a positively defined second derivative, it becomes negative for potentials large than E ϭ(2/e␤)ln(2ϩ)).
VI. DISCUSSION
The results of our work suggest that the treatment of the capacitance data for rough surfaces, should be reconsidered.
͑i͒ The value of the roughness factor cannot be taken as the reciprocal slope of the Parsons-Zobel plot in the range of small concentrations. With the increase of electrode polarization the region where the roughness function approaches the geometrical roughness factor moves to higher concentrations.
͑ii͒ The intercept, obtained from the extrapolation of the plot from the range of small concentrations into the high concentration limit does not give 1/RC H 0 . Generally, one should treat the whole curve, making a nonlinear regression analysis using the expressions derived in this paper.
͑iii͒ The Parsons-Zobel plots are not the most convenient tool for the study of surface roughness. It would be more efficient to plot the roughness function
in dependence on electrolyte concentration ͑Debye length͒ for different potentials ͑surface charges͒ or alternatively its dependence on surface charge for specified electrolyte concentrations. For nonfractal randomly rough surfaces, fitting the concentration dependence given by Eqs. ͑38͒ and ͑51͒ to experimental data, one may find the correlation length and the rms height of roughness. Studying limiting cases, one may evaluate characteristic parameters of roughness with no models invoked. For instance, fitting experimental data to Eqs. ͑46͒ and ͑48͒ should give the geometrical roughness factor and the mean curvature of the surface.
Of course, before taking these recommendations seriously, one must verify general predictions of the theory. An ultimate test would be the slope of R(,E) vs 1/ 2 in the high concentration range at high an and low electrode potentials. According to Eqs. ͑46͒ and ͑45͒ the ratio of these slopes must be equal to Ϫ16 exp(Ϫe␤͉E͉).
So far the most of the experimental studies of the curvature of the Parsons-Zobel plot have been performed at silver and gold electrodes. [3] [4] [5] [6] Although there are rare cases of positive curvature of the Parsons-Zobel plots, 5, 6 more often the curvatures are negative. [3] [4] [5] [6] The reason for that could be a combined effect of different crystal phases, represented on the rough surface, or a more complex interplay between the compact and diffuse layers ͑rather than the ad hoc Grahame-Parsons 13 combination of the two͒ for the case of strong roughness, etc. In order to verify the predictions of the present theory the measurements should be done on the metals where effect of crystallographic inhomogeneities is small, for instance on Pb. The best interaction between the theory and experiments can be achieved in the studies of surfaces where the roughness is characterized by other methods, such as, electron microscopy in ultrahigh vacuum, in situ scanning tunneling microscopy, or diffuse light scattering. An ideal test of the theory predictions ͑not that unrealistic in view of the developing nano-and microtechnology͒ would be to work with electrodes of a given, deterministic, prefabricated roughness. In such experiments, one may vary not only the Debye length, but also the corrugation parameters in a series of samples.
VII. CONCLUSION AND OUTLOOK
We have developed a nonlinear Poisson-Boltzmann theory of the double-layer capacitance at rough surfaces. The interplay between the Debye length, the lengths characterizing surface roughness, and the effects of electrode potential were studied. The results are in line with the observed potential dependence of the Parsons-Zobel plots.
The derivation of the main formula was limited to the case of weak roughness, i.e., when the amplitude of height fluctuations, h, is smaller than the correlation length, l. Extension on the case of strong roughness is possible for particular surface profiles. Though such an extension was realized in the linearized Poisson-Boltzmann approach, 11 it would be much harder to do it in the nonlinear theory.
Another problem which remains open is the role of the crystallographic inhomogeneity of the rough surface, important for the metals with a remarkable difference of pzcs of different crystal faces. The account of it together with the effects of roughness is a promising field for the future studies. 
